The unique monooxygenase activity of cytochrome P450cam has been attributed to coordination of a cysteine thiolate to the heme cofactor. To investigate this interaction, we replaced cysteine with the more electron-donating selenocysteine. Good yields of the selenoenzyme were obtained by bacterial expression of an engineered gene containing the requisite UGA codon for selenocysteine and a simplified yet functional selenocysteine insertion sequence (SECIS). The sulfur-to-selenium substitution subtly modulates the structural, electronic, and catalytic properties of the enzyme. Catalytic activity decreases only 2-fold, whereas substrate oxidation becomes partially uncoupled from electron transfer, implying a more complex role for the axial ligand than generally assumed.
C ytochrome P450 enzymes are versatile heme-dependent monooxygenases that catalyze the stereoselective hydroxylation of nonactivated hydrocarbons. They have been subject to intense mechanistic scrutiny because of their critical role in diverse biochemical processes, ranging from steroid and lipid biosynthesis to xenobiotic detoxification and drug metabolism, and because of their potential synthetic utility outside the cell. High-valent iron oxo species have been postulated to be key intermediates in oxygen transfer ( Fig. 1 ), but precisely how molecular oxygen is activated in these systems is still an ongoing debate (1) (2) (3) .
The axial ligand to the heme iron, a cysteine thiolate, is generally believed to control P450 reactivity. It has been difficult, however, to modulate its properties as an electron donor without destroying the heme environment. For example, mutating the proximal cysteine to histidine, a residue often found in the corresponding position of non-P450-type heme proteins, inactivates P450s (4, 5) . Consequently, more conservative replacement of cysteine by a nonstandard amino acid such as selenocysteine is attractive. Although selenium and sulfur are nearly isosteric, selenols differ from thiols in their pK a values and redox potentials (6) . Thus, their incorporation into proteins can be mechanistically informative (7) . QM/MM calculations on one of the best characterized enzymes in this superfamily, P450cam, suggest that the greater electron donating ability of a selenolate compared with a thiolate should speed up formation of compound I, a highly reactive ferryl-oxo -cation porphyrin radical, but slow its subsequent reaction with substrate Ϸ100-fold (8) . Such properties could facilitate observation of this elusive species.
Artificial selenoproteins have been prepared previously by (semi)synthesis (9) , posttranslational modification (10) , and reassignment of cysteine codons to selenocysteine in auxotrophic strains (11) . None of these methods is particularly suited for the targeted replacement of the proximal heme ligand in P450cam, however, given the large size of the enzyme, the relative inac-cessibility of the heme-thiolate, and the presence of multiple cysteine residues in the sequence. In nature, selenocysteine is incorporated cotranslationally into proteins as a 21st building block by selective suppression of the UGA stop codon (12) (13) (14) . The bacterial biosynthetic machinery for selenocysteine insertion has been successfully adapted for heterologous production of some natural selenoproteins and their analogues (15-18) but, with the exception of a C-terminal GCUG tetrapeptide added as a purification tag (19) , this approach has been difficult to extend to other proteins because reassignment of the opal stop codon requires an overcoding mechanism. In bacteria, UGA is read as selenocysteine only when immediately followed by a specific mRNA stem loop structure, called a selenocysteine insertion sequence (SECIS) (13) . If, as is often the case, this Ϸ40-nt-long segment encodes part of the protein, it is a challenge to create a SECIS element that retains function while minimizing additional sequence changes (20) .
Here, we show that the P450cam gene can be equipped with a simplified SECIS element that directs efficient biosynthesis of an enzyme variant possessing a selenocysteine at position 357 as the proximal heme ligand. Although selenocysteine insertion requires 2 additional amino acid changes, the structural integrity of the active site is maintained as demonstrated by X-ray crystallography and retention of significant monooxygenase activity. The subtle changes in electronic properties resulting from the sulfur-to-selenium substitution provide a unique window for probing the role of the axial ligand in P450 chemistry.
Results

SECIS Design.
We used the bacterial SECIS element from formate dehydrogenase (21) ( Fig. 2A ) as a model for redesigning the P450cam gene ( Fig. 2B ). Biochemical and structural experiments have shown that the boxed 17-nt-long stem loop structure is essential for efficient stop codon suppression (22, 23) . This ''minimal SECIS element'' is optimally positioned 11 nt downstream of the UGA and contains a conserved U bulge in its upper stem and 4 conserved bases in the loop. The exact structure of the lower stem appears to be less critical and need not be double-stranded.
Based on this information and the inherent degeneracy of the genetic code, 9 nucleotide changes were introduced into the WT P450cam gene to construct a SECIS element immediately after the codon for residue 357 (Fig. 2C ). Four substitutions ensure formation of the Watson-Crick base-paired upper stem at an appropriate distance from the engineered UGA, and 3 others optimize the nucleotides in the recognition loop. The final 2 changes adjust codon usage in the lower stem for efficient gene expression in Escherichia coli (24) . Six of the 9 substitutions are silent; the other 3 result in coding changes for 2 residues, R365L near the surface of the protein and E366Q (Fig. 2D ). † To assess the effect of these mutations, the gene encoding the double mutant (R365L/E366Q P450cam ϭ P450cam*) was generated in parallel with the gene for the selenocysteine-containing variant (C357U P450cam*). Both constructs were cloned into expression plasmids under control of the salicylate promoter. Enzyme Production. Four gene products are required for efficient UGA suppression in bacteria (12) (13) (14) . SelC is the suppressor tRNA with an anticodon complementary to UGA; SelA and SelD are the enzymes that load selenocysteine onto SelC; and SelB is a GTP-dependent elongation factor, homologous to EF-Tu, that recognizes the SECIS element and delivers the selenocysteinyl-tRNA Sec to the ribosomal active site. As high intracellular concentrations of SelA-C improve heterologous production of natural selenoproteins in bacteria (15) , we produced C357U P450cam* in E. coli cotransformed with plasmid pSUABC (15) , which directs expression of the selA-C genes. Cell cultures were supplemented with selenite as a selenium source and ␦-aminolevulinic acid for heme biosynthesis. The control protein was produced by standard procedures in XL1 Blue cells. Both enzymes were isolated as previously described for P450cam (25) and purified to homogeneity by ion-exchange chromatography. One liter of cell culture typically afforded 5-10 mg of purified C357U P450cam*, which compares well with the yield of 20-30 mg of purified P450cam*. Although the selenoenzyme is produced in lower yield than the control protein, it is easier to purify because it is largely heme bound. The control protein is typically contaminated by large amounts of apoenzyme lacking the heme cofactor, so multiple chromatographic steps are needed to obtain pure holoenzyme. The proteins were characterized by SDS/PAGE and electrospray mass spectrometry (P450cam*: calculated 47561.9 Da, found 47561.6 Da; C357U P450cam*: calculated 47608.79 Da; found 47607.4 Da) [supporting information (SI) Fig. S1 A and B] . Selenocysteine incorporation in C357U P450cam* was additionally confirmed by X-ray fluorescence ( Fig. S1C ).
X-Ray Crystallographic Structure of the C357U P450cam* and
P450cam* Camphor Complexes. C357U P450cam* and P450cam* were crystallized in the presence of camphor, and their structures solved by molecular replacement (see Table S1 for details). Because the effects of the cysteine-to-selenocysteine exchange and the SECIS element mutations were expected to be small, the influence of crystal packing effects and refinement protocols was minimized by rerefining the native structures used for comparison with the same protocols as for the variants.
The structure of C357U P450cam*, including the active site ( Fig. 3A) , is very similar to that of WT P450cam and P450cam* ( Table 1) . The peptide loop, from which the axial heme ligand projects, adopts the same backbone conformation in all 3 proteins. Except for Leu-358, for which 2 rotameric conformations are observed in the selenoenzyme, the side chains in this region are also superimposable. The Se-Fe bond length is † A web-based server for designing SECIS elements within coding sequences has been described (ref. 20) that is particularly useful for optimizing the sequence of the lower stem. However, because the program fixes the canonical bases in the SECIS hairpin loop, 3 mutations (R364G, R365L, and E366Q) would be required to replace the axial heme ligand of P450cam with selenocysteine rather than 2. somewhat longer than the S-Fe bond length in WT P450cam structures determined from the same crystal forms ( Table 1 and  Table S2 ) and falls within the range of experimentally determined Se-Fe bond distances (2.39-2.49 Å) for synthetic ironselenolate complexes (26) (27) (28) and nonheme enzymes (29) . Despite the larger size of selenium, the network of hydrogen bonding interactions with the amide bonds of residues Leu-358, Gly-359, and Gln-360, which regulate the redox potential of the heme iron in the WT enzyme by stabilizing the heme-thiolate complex (30) (31) (32) , is preserved in the selenoenzyme (see Table  1 ).
The additional R365L and E366Q mutations derived from the SECIS element lead to more pronounced structural changes than the selenium-for-sulfur swap. For example, Glu-128, which is adjacent to Arg-365, moves to fill the void created by the substitution of the latter with the smaller leucine (⌬C␣ ϭ 0.8 Å), causing adjustments in nearby Val-124 (⌬C␣ ϭ 0.8 Å) and residues in the neighboring CЈ and D-helices ( Fig. S2 ) as well as in the surrounding water structure. In contrast, mutation of Glu-366 to glutamine leads primarily to changes in the network of ordered water molecules near the active site. As the result of a Ϸ30°rotation of the amide side chain relative to the original carboxylate, Wat523, Wat566, and Wat687 are displaced by Ϸ1.5, Ϸ0.5, and Ϸ0.2 Å, respectively, from their positions in the WT enzyme (Fig. 3B ). Because these waters have been postulated to facilitate proton transfer to the hydrophobic active site during catalytic turnover (33, 34) , the observed changes could be functionally significant. Contrasting WT and control proteins enables this effect to be estimated. The consequences of replacing the thiolate heme ligand with the more electron donating selenolate can then be assessed in the absence of other confounding structural changes by comparing C357U P450cam* and P450cam*, which share the SECIS mutations and possess identical active site water structures (Fig. 3B ).
Biophysical Characterization. C357U P450cam* exhibits typical optical absorption spectra for cytochromes, although the maxima are red shifted relative to the WT and control proteins. For example, the ferric form of the selenoenzyme has an absorption maximum at 395 nm in the presence of D-(ϩ)-camphor, rather than at 391 nm as seen for P450cam and P450cam* (Fig. 4A) . Similarly, the Soret band for the ferrous CO form is shifted from 446 nm for the control protein to 453 nm for the selenocysteinecontaining variant (Fig. 4B ). Complexes of WT P450cam with benzeneselenol show a similar red shift relative to the corresponding thiophenol complexes (35) , consistent with the lower ionization energy of selenium.
The sulfur-to-selenium substitution significantly alters the electron paramagnetic resonance (EPR) spectrum of the camphor complex (Fig. 4C ). As shown previously for WT P450cam, the control protein exists as a 60:40 mixture of high-(S ϭ 5/2) and low-(S ϭ 1/2) spin states at 15 K. The g values for both spin fractions are within the range of published values (36) (see Table  S3 ). In contrast, Ͼ90% of the C357U P450cam* sample is in the low-spin state. These results are consistent with the larger field effect expected for the selenolate compared with the thiolate. However, because the g values for the low-spin fraction (g x ϭ 2.00, g y ϭ 2.27, and g z ϭ 2.47) are only 1.5-2% larger than those for the corresponding low-spin state of P450cam*, large changes in the ligand geometry and environment can be excluded.
The redox potential of the Fe(III)/Fe(II) couple was investigated by Osteryoung-type square wave voltammetry using enzymes that were immobilized in a didodecyldimethylammonium bromide (DDAB) film on an edge-plane graphite electrode (37) . The selenoprotein has a 48 mV more negative peak potential (2 Ϯ 6 mV vs. NHE) than the control protein (50 Ϯ 4 mV) ( Fig.  S3 ), again consistent with the stronger electron-donating effect of selenium compared with sulfur. The peak potential for WT P450cam (45 Ϯ 2 mV) is similar to that of the control protein, and decreases to Ϫ46 Ϯ 5 mV under denaturing conditions. As seen in other studies of P450 proteins in surfactant films (37) , these values are Ϸ200-300 mV more positive than redox potentials determined with nonimmobilized enzymes.
Selenolate ligands like benzeneselenol, bound to the proximal cavity of a mutant P450-like enzyme lacking a distal electrondonating substituent, have been shown to reduce the heme iron to the ferrous state (35) . In contrast, the ferric form of C357U P450cam* is stable under aerobic conditions. Despite the highly reducing nature of selenols compared with thiols (6), the relatively low redox potential of the Fe(III)/Fe(II) couple in the selenoenzyme, coupled with conserved hydrogen-bonding interactions with the axial ligand, presumably stabilize the selenolate.
Catalytic Properties. Catalytic turnover in P450cam requires the enzymes putidaredoxin (Pdx) and putidaredoxin reductase (Pdr), which mediate electron transfer from NADH to the heme. If this process is tightly coupled to substrate hydroxylation, as is the case for WT P450cam (38) , the rate of NADH oxidation reflects the rate of enzyme turnover. The consumption of NADH was therefore monitored spectroscopically at 25°C in the presence of substrate for each variant ( Table 2 ). The specific activity of the selenoenzyme is approximately half that of the control protein, which, in turn, is 2-fold less active than native P450. The latter effect can be ascribed to the SECIS mutations.
In addition to modulating active-site water structure, they appear to perturb the putidaredoxin-binding site directly, because higher putidaredoxin concentrations are needed to saturate P450cam* and C357U P450cam* than the WT enzyme (Fig. S4 ). The further reduction in catalytic efficiency attributable to the modified electronic properties of the heme-selenolate cofactor is surprisingly modest. Because P450 mutations often redirect reducing equivalents into abortive side reactions, such as the production of superoxide and hydrogen peroxide ( Fig. 1) (2) , assessing the extent of uncoupling in the individual variants is important. Indeed, the ferrous oxygenated forms of P450cam* and the selenoenzyme autooxidize (k ϭ 0.23 min Ϫ1 and 0.31 min Ϫ1 , respectively) 7-to 10-times more rapidly than WT P450 (k ϭ 0.033 min Ϫ1 ) (39) . Disruption of the network of distal active-site waters, which has been previously invoked to explain strong uncoupling in the T252A mutant (33, 40) , presumably accounts for this observation. Nevertheless, autooxidation does not appear to compete significantly with substrate hydroxylation, because formation of exo-5-hydroxycamphor, monitored by GC (Fig. 4D ), remains coupled to NADH consumption for all 3 proteins. The initial rate of appearance of the hydroxylated products was within experimental error of the independently measured rates of NADH consumption for P450cam and P450cam* and only somewhat slower for the selenoenzyme ( Table 2 ). These results were confirmed by direct quantification of hydrogen peroxide by an iron thiocyanate assay (38) . Comparison with the amount of NADH consumed gave Ͻ2% uncoupling for WT P450cam and P450cam* but 6-10% for the selenoenzyme. The enhanced production of H 2 O 2 by the selenoenzyme compared with the control cannot be rationalized by disruption of the active-site water structure, because C357U P450cam* and P450cam* have identical distal environments (Fig. 3 ).
Discussion
Selenium extends the properties of many natural proteins (13, 14) , providing novel prospects for redox activity and metal binding. More generally, it represents a valuable spectroscopic and mechanistic probe (7) and has been used to create artificial catalysts with tailored hydrolytic and redox properties (9) (10) (11) (41) (42) (43) (44) . A robust method for placing selenocysteine at any site, in any protein would greatly enhance its utility. Our results show that the normal biosynthetic machinery of E. coli can be successfully exploited for targeted insertion of selenocysteine into large and complex proteins like P450cam, provided that a functional SECIS element can be engineered into the encoding gene.
Practical constraints on cotranslational selenocysteine insertion derive from the need for a productive interaction between the elongation factor SelB and the mRNA SECIS element (45) . In the case of P450cam, this overcoding mechanism necessitated making 2 mutations in addition to the desired C357U. However, these substitutions could be introduced at positions in the protein where they are readily tolerated. Subtle changes in water structure at the active site give rise to minor differences in specific activity and coupling efficiency. Nonetheless, WT P450cam and the control protein exhibit similar spectroscopic and catalytic properties overall. Because the basic chemistry of the system is preserved, the effect of the axial selenolate ligand on the redox properties of the heme cofactor can be readily discerned by comparison of the selenoenzyme with the P450cam* control.
X-ray crystallographic analysis confirms that replacing the heme-thiolate with a heme-selenolate constitutes a highly conservative substitution. Despite the slightly larger van der Waals radius of selenium compared with sulfur, the geometry and environment of the heme ligand are fully preserved in the mutant. However, the greater electron-donating ability of the selenolate compared with a thiolate causes distinct changes in the electronic and chemical properties of the enzyme, including diagnostic redshifts of the absorbtion maxima, perturbation of the spin equilibrium in favor of the low-spin resting state, and a lowered Fe(III)/Fe(II) redox potential. The rate of camphor hydroxylation is also reduced 2-fold compared with the control enzyme, consistent with the mutant's lowered redox potential. Although detailed stopped-flow and rapid-quench experiments will be needed to assess how the selenolate ligand influences individual steps in the catalytic cycle, this effect is considerably smaller than the 100-fold decrease in hydroxylation rate predicted by QM/MM calculations (8) , suggesting that downstream chemistry is still very fast compared with the initial electron transfer steps. Nevertheless, the modest increase in H 2 O 2 production observed for the selenoenzyme compared with the control protein is at odds with the general view (5, 30, 31 ) that a more electron-donating axial heme ligand should enhance coupling of NADH consumption with substrate oxidation by facilitating cleavage of the dioxygen bond. As a consequence, a detailed experimental and theoretical reexamination of the postulated role(s) of the axial heme ligand in P450 chemistry may be warranted.
Because selenols are versatile functional groups, with valuable nucleophilic, radical, and redox properties (6) , the ability to produce proteins containing selenocysteine recombinantly should foster their broader application as sensitive probes in studies of enzyme mechanism and as prosthetic groups in tailor-made catalysts. By coevolving SECIS elements and cognate SelB elongation factors, it may be possible to further generalize this approach, simultaneously minimizing undesired sequence changes and expanding the recognition properties of SelB to new amino acids. Exploiting the basic bacterial overcoding strategy in this way to enhance stop codon suppression should also profitably extend ongoing efforts to expand the genetic code (46) .
Methods
Site-Directed Mutagenesis. The gene encoding cytochrome P450cam was subcloned into vector pMG211 (4,690 bp) (47) by standard overlapextension PCR to attach a C-terminal Leu-Glu-His6 tag. The primers wtP450sense (5Ј-GGGAATTCCATATGACGACTGAAACC, NdeI site in italics) and wtP450anti (5Ј-GCCGCTCGAGTACCGCTTTGGTAGT, XhoI site in italics) were used for amplification. The resulting plasmid, pMG211P450cam, served as the template to construct plasmids pMG211P450cam* and pMG211C357UP450cam*, encoding R365L/E366Q P450cam (P450cam*) and C357U P450cam*, respectively. Mutations were introduced by PCR mutagenesis using primers P450* sense (5Ј-TGCCTCGGCCAACATCTTG-CACGTCTGCAGATCATCGTCACCCT); P450*anti (5Ј-CAGACGTGCAAGATGT-TGGCCGAGGCACAGATGGCTGCCGTGG); C357U*sense (5Ј-TGACTCGGC-CAACATCTTGCACGTCTGCAGATCATCGTCACCCT); and C357U*anti (5'-CAGACGTGCAAGATGTTGGCCGAGTCACAGATGGCTGCCGTGG). The mutations are shown in bold type. All constructs were confirmed by DNA sequence analysis.
Protein Production and Purification. C357U P450cam* was produced in E. coli XL1-Blue cells (Stratagene) cotransformed with plasmid pSUABC (15) . Cells were grown to OD600 Ϸ1.8 in Terrific-Broth (TB) medium supplemented with 100 mg/L ampicillin, 34 mg/L chloramphenicol, and 0.6 mM L-cysteine. After induction with 200 M salicylate, the broth was supplemented with 5 M sodium selenite and 1 mM ␦-aminolevulinic acid and incubated for Ϸ20 h at 30°C. P450cam* and WT P450cam were produced in E. coli XL1-Blue cells by standard procedures. The proteins were purified by Ni-NTA affinity chromatography in the presence of D-(ϩ)-camphor, followed by repeated ion exchange chromatography on Q-Sepharose until A391/A280 was Ն1.4 for enzyme used for kinetic measurements and Ն1.1 for EPR studies. The purity of all protein samples was assessed by SDS/PAGE. Masses were determined by ESI-MS analysis. Protein concentrations were determined spectroscopically at 391 nm (WT and P450cam*) and 395 nm (C357U P450cam*) by using a molar absorption coefficient of 102 mM Ϫ1 cm Ϫ1 . The extinction coefficient of the C357U P450cam* Soret band was determined to be the same as for P450cam and P450cam* by normalizing all 3 samples to the same absorbance at the peak maximum, followed by measurement of protein and heme concentrations by using Bradford protein assay and the QuantiChrom Heme Chrome Assay kit (BioAssay Systems), respectively. Crystallization and Structure Determination of the C357U P450cam* and P450cam* Camphor Complexes. The proteins were crystallized as described previously (48) with minor adjustments in the concentrations of DTE and camphor (2 mM each), and their structures solved by molecular replacement. See SI Methods for detailed procedures and a summary of crystal parameters, data collection, and refinement statistics.
Biophysical Characterization and Catalytic Properties. For full experimental details, see SI Methods. EPR spectra of samples containing 10% glycerol were recorded at 15 K on a multipurpose Bruker E680 spectrometer equipped with an Oxford CF935 helium cryostat and EN4118X-MD-4-W1 probe head (Ϸ9.73 GHz). Redox potentials were measured by square wave voltammetry at 4°C in 50 mM potassium phosphate (pH 7.4), as previously described (37, 49) . Catalytic activities were determined at 25°C by monitoring the rate of NADH oxidation spectro-scopically or by quantitating the formation of 5-exo-hydroxycamphor by gas chromatography (30) . The rate of Fe(II)-O2 decay was measured at 4°C as previously described (39) , and hydrogen peroxide concentrations were determined by a colorimetric assay (38) .
